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Activity-Dependent Induction of Tonic Calcineurin
Activity Mediates a Rapid Developmental
Downregulation of NMDA Receptor Currents
mal development are still poorly understood. In the
geniculocortical visual pathway, the onset of NMDARC
change can be delayed by decreasing activity (Carming-
noto and Vicini, 1992; Ramoa and Prusky, 1997; Quinlan
et al., 1999). The incorporation of new (NR2A) NMDAR
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Cambridge, Massachusetts 02139 subunits accounts for some of these developmental de-
creases (Monyer et al., 1994; Sheng et al., 1994; Flint et† Interdepartmental Neuroscience Program
Yale University al., 1997; Lindlbauer et al., 1998; Stocca and Vicini, 1998;
Nase et al., 1999; Roberts and Ramoa, 1999). AdditionNew Haven, Connecticut 06520
of NR1 subunits with the alternatively spliced exon 5
may also contribute (Rumbaugh et al., 2000). It has been
suggested that the activity-dependent regulation of the
NMDAR in visual cortex is caused by NR2A subunitSummary
addition to synaptic receptors (Nase et al., 1999; Quinlan
et al., 1999).Whole-cell recording in the superficial layers of the
developing superior colliculus (sSC) reveals a large drop We now show that within the superficial visual layers
of the rat superior colliculus (sSC), a posttranslationalin NMDA receptor (NMDAR) current decay time syn-
chronized across all neurons and occurring consis- modification mediated by the Ca21/calmodulin–dependent
phosphatase 2B calcineurin (CaN) is the rate-limitingtently between P10 and P11. We show that blocking the
Ca21/calmodulin–dependent phosphatase calcineurin step responsible for the most rapid developmental
downregulation of NMDARC decay time that occurs in(CaN) in the postsynaptic neuron can abolish this drop.
The regulation is induced prematurely by 1–2 hr of this neuropil. The mechanism can be induced prema-
turely in vitro by electrical stimuli that drive NMDARCselectrical stimulation in P10 collicular slices only if CaN
and NMDAR currents can be activated in the neuron. in sSC neurons.
These data suggest that a long-lasting, CaN-mediated
control of NMDAR kinetics is rapidly initiated by Results
heightened activity of the NMDAR itself and demon-
strate a novel developmental and tonic function of Rapid Developmental Downregulation of NMDAR
CaN that can play an important role in modulating the Currents in the sSC Is Not Correlated with the
plasticity of the developing CNS. Addition of NR2A Subunits at the Synapse
In the rat sSC, developmental changes in glutamatergic
Introduction transmission are synchronized across the heteroge-
neous neuronal population. NR2A subunit transcripts
The NMDAR subtype of glutamate receptor is critically and protein are upregulated over roughly the same inter-
involved in many developmental processes (Komuro val in which an abrupt downregulation of the NMDAR
and Rakic, 1993; Scheetz and Constantine-Paton, 1997; occurs (Shi et al., 1997; Aamodt and Constantine-Paton,
Constantine-Paton and Cline, 1998) and also mediates 1999). However, quantitative Western blot analyses of
several forms of synaptic plasticity in adult neurons NMDAR subunit levels from P9 (postnatal day 9) through
(Bear and Malenka, 1994; Malenka and Nicoll, 1999). P12 synaptoneurosomes revealed only a gradual in-
During maturation, intrinsic changes in the response of crease in NR2A levels (Figures 1A and 1B). Between P10
the NMDAR channel complex to glutamate are reflected and P11, this upregulation was not significant (Tukey
in a reduced NMDAR synaptic current decay time (Car- post hoc test, p 5 0.4) and seemed unlikely to account
mingnoto and Vicini, 1992; Hestrin, 1992). As a result, for the sudden decrease in synaptic current decay at
the receptor’s ability to perform synaptic temporal inte- that time.
gration and mediate Ca21 influx decreases, with associ- To examine more closely the subunit composition of
ated decreases in synaptic plasticity (Scheetz and Con- NMDARs at functional synapses, sSC neurons were also
stantine-Paton, 1994). Thus, downregulation of NMDAR studied using whole-cell patch clamping and the atypi-
currents (NMDARCs) has been associated with the loss cal NMDAR antagonist ifenprodil. At low concentrations,
of ocular dominance plasticity in the visual cortex (Fox ifenprodil blocks NMDARs containing NR1 and NR2B
et al., 1991) and with the stabilization of congruent visual subunits, leaving NMDAR currents mediated by receptors
and auditory projections to the superior colliculus (Feld- containing NR2A unaffected (Legrande and Westbrook,
man et al., 1996). Conversely, prolongation of NMDARC 1991; Williams et al., 1993; Tovar and Westbrook, 1999).
decay, by overexpression of the neonatal NMDAR sub- Miniature excitatory postsynaptic currents (mEPSCs)
unit NR2B, produces mice with facilitated learning ability were used for the analysis of current kinetics over the
(Tang, et al., 1999). Nonetheless, the mechanisms un- P6–P21 interval, which encompasses most of the synap-
derlying the modulation of NMDAR function during nor- togenic events in this neuropil. A focus on mEPSCs
minimized age-related changes in transmitter release
characteristics and eliminated occasional seizure activ-‡ To whom correspondence should be addressed (e-mail: mcpaton@
mit.edu). ity associated with 0 mM Mg21 in older tissue. For each
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Figure 1. Evidence of Addition of NR2A Subunits to sSC NMDARs Using Immunoblotting and Analyses of mEPSCs
(A) Representative Western blots using antibodies specific for the three subunits showing daily levels of the three subunits NR1, N2B, and
NR2A in synaptoneurosomes over the P9–P12 interval.
(B) Quantification of Western blot data. NR1 levels do not change (ANOVA, p . 0.05); consequently, data for the NR2 subunits were normalized
to the NR1 band in the same lane. NR2A levels show a gradual increase between P9 and P12 (Tukey post hoc test, p , 0.05), but no significant
difference was observed over any 24 hr period (ANOVA, p . 0.05), and NR2B levels do not change over the 4 day interval (ANOVA, p . 0.05).
Error bars 5 SEM. N was at least three protein isolations and 18 animals for each age.
(C) Representative traces of average mEPSCs recorded in 0 mM Mg21 ACSF at 260 mV. Action potentials were blocked by adding 0.2 mM
tetrodotoxin (TTX) to the ACSF. Both AMPA/KAR and NMDAR currents are present in these responses. The current decay time in 0 mM
ifenprodil (bottom trace at each age) is compared with changes in decay time in the presence of 5 mM ifenprodil to block NR1NR2B-containing
receptors (middle trace at each age) and with changes in decay time with ifenprodil plus 50 mM AP5 (top trace at each age).
(D) Decay values for average mEPSCs plotted against the age of the slice indicate a discontinuity in rate of change of mEPSC decay. When
the population of mEPSC averages is divided into two groups, P6–P10 and P11–P21, the fit of the linear regression (R2) is 0.92 and 0.91,
respectively. The fit of the regression for the entire population (dashed line) is 0.58.
(E) The decline in mEPSC decay over the P6–P21 period is partly caused by the decreasing contribution of receptors containing only NR1NR2B
subunits. Values plotted are calculated as (Dm 2 Dmw/Ifen)/Dm, where Dm is the average total mEPSC decay time for each neuron and Dmw/Ifen is
the average mEPSC decay time for each neuron in the presence of ifenprodil. However, this change is linear (R2 for the total population linear
regression is 0.71), showing no discontinuity between P10 and P11 (R2, P6–P10 5 0.19; R2, P11–P21 5 0.31), and therefore cannot account
for the discontinuity in mEPSC decay.
neuron, an average of mEPSCs was taken in 0 mM Mg21 with a decreasing sensitivity of the NMDAR component
of the current to ifenprodil (Figure 1C, P6, P10; Figure 1D,artificial cerebrospinal fluid (ACSF) containing 2mM
GABAA receptor blocker bicuculline methiodide (BMI) P6–P10). The later, apparently slower, decay decrease
began on P11 (Figure 1C, P13; Figure 1D, P11–P21) andand again after the addition of 5 mM ifenprodil. A third
mEPSC average, taken in the presence of ifenprodil and was also associated with a decrease in ifenprodil sensitiv-
ity. However, total decay times were much shorter during50 mM general NMDAR antagonist 2-amino-5-phospho-
novalerate (AP5), represented the current carried by this later phase of current change (Figure 1C, P13), re-
sulting in differences caused by ifenprodil applicationnon-NMDA ionotropic glutamate receptors, the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic receptors, and that were small as well. To effectively display the effect
induced by 5 mM ifenprodil across the entire P6–P22kainate receptors (AMPA/KARs, Figure 1C). The mEPSC
averages revealed a progressive age-related decrease interval, the reduction in average mEPSC decay caused
by the drug for each neuron (Dm 2 Dmw/Ifen) was ex-in current decay time. This decrease had two compo-
nents. An early rapid decrease was clearly associated pressed as a proportion of total average mEPSC decay
CaN Modulation of Developmental NMDAR Current
105
(Dm) for that neuron. This value represents the percent The dose-response curves in Figure 2 establish the ef-
fective doses of GYKI 52466 for work with spontaneouscontribution of NR1NR2B-containing receptors to the
and evoked excitatory amino acid currents recorded atsynaptic current decay for each neuron (Figure 1E). The
260 mV in young (P11 and P12) sSC slices. For thesediscontinuity in the rate of current change is coincident
dose-response determinations, in addition to 2 mM BMI,with the P10–P11 decrease in synaptic current decay
50 mM AP5, and 3 mMg21 were added to the bath toreported previously for spontaneous NMDAR currents
block NMDAR-mediated currents. As can be seen in(Shi et al., 1997). As can be seen in the mEPSC data of
Figures 2A and 2B, 10 mM GYKI 52466 reduces theFigure 1D, the P10–P11 change is large as well as abrupt.
spontaneous AMPA/KAR currents (sAMPA/KARCs) to aIt constitutes a drop of 8 msec in decay time within 24
barely detectable level just above baseline noise. 20 mMhr. The drop is a substantial proportion of the total, z18
GYKI 52466 does not significantly improve this block-msec, shortening of current decay time detected across
ade. The stippled area in Figure 2B represents the typicalthe entire P6–P21 interval.
peak-to-peak range of baseline noise in our recordings.Changes in synaptic current amplitude from P6
The dotted line indicates the minimum amplitude thatthrough P21 were also examined. Two neurons recorded
spontaneous events typically had to achieve to fulfill ourbefore P8 showed NMDAR-mediated synaptic current
size criterion for inclusion in analyses: specifically, ain the absence of current mediated by non-NMDA iono-
peak amplitude larger than two times one-half the valuetropic glutamate receptors, as has been noted before
of the peak-to-peak baseline noise level (see Experimen-
in young neuropil (Issac et al., 1995; Durand et al., 1996;
tal Procedures). These data indicate that the addition
Wu et al., 1996). Nevertheless, for the majority of neu-
of 10 mM GYKI 52466 to ACSF containing 0 mMg21 and
rons, during the same P6–P21 period, the gradual 2 mM BMI should be adequate to reduce any AMPA/KAR
change in the contribution of NR1NR2B receptors to component of the excitatory spontaneous responses
NMDAR current decay in the sSC neuropil (Figure 1E) to negligible levels and effectively isolate the NMDAR
occurred in the absence of a consistent change in excit- component of spontaneous events (sNMDARCs) for our
atory current amplitude. Average peak mEPSC ampli- analyses. Indeed, in experiments where AP5 was ap-
tudes varied between 213 and 24 pA but showed no plied after studying spontaneous sNMDARCs, no events
age-related shift in their magnitudes (n 5 24 neurons). fulfilling this criterion were present in the recordings.
Peak amplitudes of the isolated miniature AMPA/KA re- We also examined the effect of GYKI 52466 on the re-
ceptor currents were subjected to ANOVA. The only sponses evoked by electrical stimulation of the stratum
significant difference (Tukey post hoc test, p , 0.05) opticum in the same slices. Figures 2C and 2D show
was between the small or nonexistent AMPA/KAR mini’s the GYKI 52466 dose-dependent responses for these
of P6 and P7 neurons, and those recorded in older cells. evoked AMPA/KAR currents (eAMPA/KARCs). As can
Thus, these physiological data provide functional evi- be seen in the figure, even these much larger AMPA/
dence suggesting that an abrupt increase in the insertion KARCs are barely measurable in the presence of 20 mM
rate of NR2A-containing NMDARs into postsynaptic GYKI 52466.
densities is unlikely to account for the sudden P10–P11 To examine the effectiveness of CaN on sNMDARCs,
FK506 and the autoinhibitory peptide to CaN were usedchange in NMDAR current decay.
to block the phosphatase. FK506 inhibits CaN activity
by cross-linking the phosphatase to members of the
FKBP family of proteins (Liu et al., 1991). FK506 couldCalcineurin Mediates the Rapid, Tonic P10–P11
be applied to the perfusate and washed out of the sliceDownregulation of NMDAR Currents
while maintaining the whole-cell voltage clamp to assurePioneering studies in the superior colliculus demonstrated
the reversibility of the effects. In separate experiments,that developmental decreases in synaptic NMDARC de-
the autoinhibitory fragment for CaN (Bachem) was dia-cay time arise from slowing of intrinsic NMDAR channel
lysed into the postsynaptic cell from our recording pi-properties (Hestrin, 1992). In isolated patches from hip-
pette (Hashimoto et al., 1990). Use of the peptide as-pocampal neurons CaN blockade produces a rapid in-
sured that the effects of FK506 were specific to CaNcrease in both NMDAR channel open probability and
blockade and that they were localized to the postsynap-time (Lieberman and Mody, 1994). Thus, the action of
tic cell.the phosphatase could be involved in shortening the
FK506 or the autoinhibitory peptide had little effectsynaptic NMDARCs in the sSC. To examine this possibil-
on the decay of NMDARCs at P9 or P10 (Figures 3A, 3C,
ity, we studied spontaneous excitatory synaptic cur-
and 3D). However, a pronounced increase in sNMDARC
rents because our earlier work had indicated that faster decay time was observed in the presence of FK506 on
currents and finer distinctions in the kinetics of current P11 and P12 (Figures 3A, 3C, and 3D) after the downreg-
decay could be obtained when spontaneous rather than ulation in sNMDARC decay time (Figures 3C and 3D,
evoked events were examined in young tissue. This is bottom). This effect of FK506 was reversible (Figure 3A,
probably due to the immaturity of myelination, which averaged responses), indicating that the downregula-
results in the staggered arrival of simultaneously initi- tion was maintained by a tonically active phosphatase
ated action potentials at young axon terminals (Shi et that could recover from blockade in vitro without any
al., 1997). We pharmacologically isolated the NMDAR additional manipulation. Furthermore, application of
contribution to the excitatory spontaneous events using AP5 to slices in the presense of FK506 after P10 had
the benzodiazepine GYKI 52466, which has been shown the same effect as application of AP5 in the absense
to be a selective noncompetitive blocker of AMPA/KARs of FK506 at all ages. Namely, all events fulfilling our
amplitude criterion disappeared from the recording (Fig-(Donevan and Rogawski, 1993; Zorumski et al., 1993).
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Figure 2. AMPA/KAR–Mediated Currents in
Young sSC Neurons Are Sensitive to Low
Doses of GYKI 52466
(A) Traces showing the decreasing size of
AMPA/KAR–mediated spontaneous currents
with increasing concentrations of GYKI 52466
recorded from cells held at 260 mV in ACSF
containing 3 mM Mg21, 2 mM BMI, and 50 mM
AP5.
(B) The dose-response curve for spontane-
ous AMPA/KAR currents with increasing
GYKI 52466 concentrations. Each data point
represents the average AMPA/KAR current
amplitude measured from a minimum of 10
events in each of seven neurons from one
P11 and three P12 rats. Error bars 5 SEM.
The stippled area represents the amplitude
of noise in these recordings, and the dotted
line shows the criterion level of two times
one-half peak-to-peak baseline noise. Events
falling below this level were not analyzed in
any of the subsequent experiments. A 10 mM
concentration of GYKI 52466 was chosen for
isolating spontaneous NMDAR-mediated cur-
rents because spontaneous AMPA/KAR cur-
rents were well below criterion with this con-
centration. In addition, higher concentrations
of GYKI 52466 significantly decreased spon-
taneous event frequency, even in the absence
of AP5 and Mg21 requiring unmanageably
long periods of holding cells in 0 mM Mg21.
(C) Traces showing the decreasing size of the
current evoked in the same perfusion media
using 2 mAmp pulses of 0.5 ms duration deliv-
ered z10 s apart for z1 min. Each trace is
an average of 10 events. With 20 mM GYKI
52466, the evoked current was either nonex-
istent or barely discernable. Consequently, in
all subsequent evoked current data, a con-
centration of 30 mM GYKI 52466 was used in
the ACSF.
(D) The dose-response curve for GYKI 52466
on the isolated AMPA/KAR evoked current.
Each data point represents the average
evoked AMPA/KAR current amplitude mea-
sured in six neurons from three P11 and three
P12 rats. Error bars 5 SEM.
ure 3A, lowest trace), indicating that FK506 was not sNMDARCs recorded in sSC neurons P11 and older
shifted back toward the slower decays typical of theexerting its effect by unmasking a non-NMDAR-medi-
ated synaptic current. Despite these pronounced effects younger cells. This shift became so pronounced by P12
that the population of decay values in the presenceon decay, CaN blockade had no effect on sNMDARC
peak amplitudes (Figures 3C and 3D, top). Finally, cur- of FK506 and the population in the absence of FK506
showed little overlap. The pronounced changes in currentrents obtained following dialysis of the patch-clamped
cells with the CaN autoinhibitory fragment failed to show decay were not accompanied by any systematic change
in sNMDARC amplitude. Thus, the decay kinetics ofthe P10–P11 drop in current decay time (Figures 3B and
3D), indicating that the CaN effect was postsynaptic. all spontaneously active synapses onto sSC neurons
appear to be similarly, selectively, and nearly simultane-These analyses document a change in phosphatase
activity using averages of the NMDAR currents recorded ously affected by CaN activity and by CaN blockade.
To demonstrate that synapses driven by sSC inputswithin each neuron, but they do not discriminate a uni-
form effect of CaN across different sSC synapses from show CaN-mediated changes in NMDARC kinetics simi-
lar to those seen at synapses intrinsic to the neuropil,pronounced effects on only a subset of synapses. Con-
sequently, we plotted the decay times of the individual we examined the effect of FK506 on the decay of the
NMDAR-mediated currents evoked by electrical stimu-currents recorded in single neurons against their ampli-
tudes in the absence and in the presence of FK506 lation (z6 mAmp) of sSC afferents in the stratum opticum
(eNMDARCs). For this experiment, contamination of the(Figure 4A). The abrupt decrease in decay time appeared
as a shift to the left of normal decay times (open circles) evoked currents by Na1 channel activity that escaped
our voltage clamp or by GABAA channel activity wasbetween scatterplots from the P10 and the P11 neurons.
In the presence of FK506, most of the population of eliminated by holding cells at 140mV in ACSF containing
CaN Modulation of Developmental NMDAR Current
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Figure 3. Analyses of sNMDARCs Isolated
Pharmacologically by Addition of GYKI 52466
and BMI Indicate that Blockade of CaN
with Either FK506 or the CaN Autoinhibitory
Peptide Eliminates the P10–P11 Drop in
sNMDARC Decay Times
(A) Traces showing sNMDARCs at P10 and
P11 in the absence and in the presence of
bath-applied FK506. Addition of AP5 abol-
ishes responses reaching the amplitude crite-
rion for analysis in such recordings (data not
shown). FK506 has little effect on sNMDARC
decay at P10 but significantly increases cur-
rent decay time on P11. Control responses
were recoverable upon washout of FK506.
The lower traces under the first set of P11
responses show the averages of sNMDARC
currents in that P11 neuron without FK506,
with FK506, and after FK506 washout. All av-
erages are normalized to 1. The 50 ms scale
bar refers to the averages only. Decay times
are 14.2 ms, 23.2 ms, and 14.8 ms, respec-
tively. The last set of P11 responses shows
the FK506 effect on decay time in a different
animal and demonstrates that all events
reaching criterion still disappear with NMDAR
blockade in the presence of FK506.
(B) Slow decay time sNMDARCs were the
only events observed with the CaN autoinhib-
itory fragment in the recording pipette for
both P10 and P11 slices. The scale bars refer
to all 10 traces in (A) and (B).
(C) Decay times of average sNMDARCs in
the absence of FK506 change significantly
between P10 and P11 (bottom graph; Stu-
dent’s t test, p , 0.0001; n 5 13 P9 and P10
neurons; n 5 14 P11 and P12 neurons), while
amplitudes of the same currents remain con-
stant (top graph). The bottom graph shows
averages and standard errors for the decay
time values of sNMDARCs recorded in neu-
rons on P9–P12.
(D) Blockade of CaN with FK506 eliminates
the P10–P11 drop in average sNMDARC de-
cay time (bottom graph; ANOVA, p 5 0.12)
without a corresponding change in peak am-
plitude (top graph). Closed triangles plot de-
cay values for the same neurons shown in
(C) (open triangles) in the presence of FK506.
Squares represent average sNMDARC decay
values for individual neurons with the CaN
autoinhibitory peptide in the patch pipette.
No P10–P11 drop is present with the inhibi-
tory peptide (ANOVA, p 5 0.7; n 5 8 P10
neurons; n 5 9 P11 neurons; n 5 5 P12 neu-
rons). Amplitude values (circles in the top graphs of [C] and [D]) represent averages for each neuron studied with FK506 (triangles). Recording
(ACSF) solution contained 0 mM Mg21; 2 mM BMI was present; TTX was absent from the bath; and 10 mM GYKI 52466 (BRI) was added to
block AMPA/KAR currents.
3 mM Mg21 and 4 mM BMI. 30 mM GYKI 52466 was added CaN Activity Downregulates Both NR1,NR2B-
and NR1,NR2B,NR2A-Containing NMDARsto assure suppression of the AMPA/KAR component.
Figure 4B shows an average eNMDARC obtained in a We determined whether CaN exerted its effect on whole-
cell sNMDARCs by selectively eliminating the slowlyP11 neuron. Following the initial recordings, Mg21 was
removed from the ACSF, cells were returned to 260 mV, decaying currents mediated by receptors containing
only NR1 and NR2B subunits. If CaN and ifenprodil tar-and slices were incubated in 1 mM FK506 for 15 min. A
second series of evoked currents was recorded after geted the same receptors, ifenprodil should fully com-
pensate for the decay time increase produced by phos-this interval at 140 mV in the 3 mM Mg21 ACSF that
also contained 1 mM FK506. As can be seen in Figure 4B, phatase inactivation. Figure 5A illustrates that this does
not occur. Ifenprodil application, after broadening of theaddition of FK506 significantly prolonged the average
eNMDARC decay (Student’s t test, p , 0.001). All evoked sNMDARCs with FK506 application, does not restore
the fast decay times characteristic of the P11 and P12activity was eliminated by application of 50 mM AP5.
Neuron
108
Figure 4. The Effects of CaN Blockade
(FK506) Are Seen in the Majority of Pharma-
cologically Isolated, Spontaneous NMDARCs
within sSC Neurons and at Synapses Where
the Pharmacologically Isolated NMDARC Is
Driven by sSC Afferent Stimulation
(A) Effects of CaN blockade on the array of
sNMDARCs within single sSC neurons. The
peak amplitudes are plotted against decay
values for pharmacologically isolated single
sNMDARCs in typical P9, P10, P11, and P12
neurons. The population of sNMDARCs (open
circles) shows the sudden shift to events with
shorter decay values between P10 and P11.
The effect of CaN blockade (closed triangles)
after P10 is to shift the population of
sNMDARCs back to the longer decay values
characteristic of neurons P10 and younger.
N was 110 single events for each neuron in
each condition. ACSF was identical to that
used in Figure 3.
(B) Effects of CaN blockade on the average
eNMDARC recorded in a P11 neuron held at
140 mV in 3 mM Mg21, 30 mM GYKI 52466,
and 4 mM BMI. The averages of at least 10
evoked responses before and 10 evoked re-
sponses after a 15 min incubation in 1 mM
FK506 are shown. Averages are normalized
to 1. The third trace shows that all responses
disappear when AP5 is added.
(C) Evoked NMDARCs are significantly pro-
longed in FK506 (Student’s t test, p , 0.001;
n 5 1 P11 neuron; n 5 2 P12 neurons).
currents in the absence of FK506 (Figure 5A). Decay the rapid onset of the CaN effect on NMDARC kinetics.
P10 collicular slices maintained in normal ACSF weretime values of the average sNMDARCs without either
stimulated in vitro to test this hypothesis. Stimuli con-drug were significantly shorter than the decay time val-
sisted of four z4 mAmp pulses, 10 msec apart, appliedues of the averages in the presence of both FK506 and
at 1 Hz across the stratum opticum in the rostral poleifenprodil (paired sample Student’s t test, p 5 0.005).
of the colliculus. The effectiveness of the stimulation atFurthermore, 5 mM ifenprodil still significantly shortened
generating either synaptic currents or action potentialscurrents in neurons with CaN blocked postsynaptically
was monitored for each neuron studied before the cur-by dialysis of the inhibitory peptide (Figure 5B; paired
rents in the neuron were analyzed (Figure 7A). All studiedsample Student’s t test, p , 0.01). Thus, CaN does not
cells responded with EPSCs to the stimulation. Afterincrease the decay time of sNMDARCs by functionally
varied intervals of stimulation, 0 mM Mg21 ACSF con-removing the slow current contribution of NR1NR2B re-
taining GYKI 52466 and BMI were washed into the sliceceptors while leaving the fast current contribution of
to record sNMDARCs at 260mV. Significant changes inNR2A containing receptors intact.
the sNMDARCs of neurons were detected whether or
not the cells consistently fired action potentials when
In Vitro Induction of CaN-Mediated tested during or at the end of the stimulating period.
Downregulation of the NMDAR After 1 hr of stimulation in normal, Mg21 containing
Despite the nearly 100% increase in the effectiveness ACSF, sNMDARCs with the rapid decay kinetics charac-
of CaN blockade on decay time of sNMDARCs between teristic of slices from P11 or P12 animals were present
P10 and P11 (Figure 6A), Western blot analysis of mem- in all neurons studied (Figures 7B, 7C, and 7D; Figure
brane fractions from sSC tissue failed to reveal any sig- 8A and 8B, bottom 2 traces). FK506 was applied to sev-
nificant change in levels of the phosphatase (Figure 6B). eral slices after shortening of the sNMDARC decay times.
However, CaN activity is controlled by binding to Ca21 / In all neurons tested, significantly slower sNMDARCs
calmodulin and hence by local Ca21 concentration, and were reestablished by introduction of the CaN blockade
its reponsiveness to NMDARCs is believed to result from (Figure 7D; paired sample Student’s t test, p # 0.001).
a localization near the cytoplasmic face of the receptor Furthermore, stimulation of P10 neurons after their cyto-
pore (Lieberman and Mody, 1994). Consequently, a rela- plasm had been infused with the CaN inhibitory peptide
tively large and rapid increase in the activation of sSC failed to shorten sNMDARC decay time (Figure 7E;
paired sample Student’s t test, p 5 0.48).neurons between P10 and P11 might be responsible for
CaN Modulation of Developmental NMDAR Current
109
Figure 5. CaN Effects Are Not Selective for Receptors with Only
NR1NR2B Subunits
(A) Ifenprodil application to P11–12 neurons fails to fully compensate
for the broadening of the average sNMDARC decay produced by
CaN blockade. Average sNMDARC for a P11 neuron obtained in 0
Mg21 ACSF (top). Average sNMDARC 16 min after the onset of FK506
infusion (middle) and 6 min after addition of ifenprodil (bottom).
Differences between decay values of averages without either FK506
or ifenprodil, and in the presence of both drugs were significant
(paired Student’s t test, p 5 0.005; n 5 6 P11 neurons; n 5 3 P12
neurons; mean decay time of P11 and P12 neurons without FK506
or ifenprodil 5 12.93 ms 6 1.06 SEM; mean decay time of the same
neurons with FK506 & ifenprodil 5 16.30 ms 6 0.56 SEM).
(B) Ifenprodil application shortens NMDARCs in neurons where CaN
is blocked postsynaptically by infusion of the autoinhibitory peptide
(paired sample Student’s t test, p , 0.01; n 5 6 P11 neurons; mean
decay time with autoinhibitory peptide 5 31.73 ms 6 2.9 SEM; mean
decay time with autoinhibitory peptide plus ifenprodil 5 17.77 ms 6
1.4 SEM). All averages are normalized to 1. Ifenprodil was applied
Figure 6. Phosphatase Effectiveness on sNMDARCs Is Not Relatedin ACSF identical to that in Figure 3.
to sSC CaN Protein Levels
(A) Changes in sNMDARC decay with CaN blockade (FK506) ex-
pressed as a percentage of the same cells’ average sNMDARC
Figure 8A illustrates the size and the unusual temporal decay time without FK506. (Data are from Figures 3C and 3D).
characteristics of the stimulation-induced CaN effect on (B) Quantitative Western blotting of CaN protein levels over the same
NMDARCs. First, the decrease in decay time required a interval showed no change in protein levels when 1% Triton X-100
insoluble membrane protein was probed (data shown; ANOVA, p 5relatively long period of stimulation. It was not observed
0.29). n was at least two protein isolations and five animals on eachafter 5 min of stimulation but was invariably present
day. The same result (ANOVA, p 5 0.73) was obtained from anand appeared to be maximally established after 1 hr of
additional isolation of total sSC protein. The latter data represented
stimulation. Second, the induced decreases in decay at least three animals and three separate immunoblots on each day.
time were maintained. The four neurons studied 2–4
hr after the inducing stimulation was terminated still
showed the fast sNMDARC kinetics seen at shorter in- throughout a 1 hr stimulation period. NMDAR antago-
nism during stimulation blocked the ability to induce thetervals after stimulation.
To determine whether activation of sSC neuron shortened sNMDAR current (Figure 8B, top). However,
blockade of NMDARs also reduces the amount of activ-NMDARs was necessary for the premature induction
of CaN activity, whole-cell recordings were maintained ity in the neuropil. Therefore, in four neurons, whole-cell
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Figure 7. Stimulation of P10 sSC Neurons
Prematurely Triggers the CaN Effect on
sNMDARC Kinetics
(A) Stimuli (inset) activate synaptic currents
and frequent action potentials in sSC neu-
rons. Data from a current-clamped (top) and
voltage-clamped (bottom) neuron are illus-
trated.
(B) Representative traces of sNMDARCs from
a neuron in a P10 slice prior to the onset of
stimulation. Traces from a second neuron in
the same slice recorded after the slice was
stimulated for 1 hr in normal ACSF show
sNMDARCs with the fast kinetics normally
only seen in neurons from older slices.
(C) Average sNMDARC from the same neuron
in a P10 slice before and after 11⁄2 hr of stimu-
lation. Current decay times are significantly
reduced (see Figure 8A). The neuron was held
in current clamp during stimulation.
(D) The shortened NMDARCs produced by
stimulation on P10 are sensitive to CaN
blockade. Average sNMDAR from a P10 neu-
ron before stimulation (top trace). Average
sNMDARC from a different neuron in the
same slice after stimulation (middle trace).
Average sNMDARC from the same neuron
after stimulation and after FK506 application
(bottom trace). FK506 application signifi-
cantly increased the decay times of the short
currents induced by stimulation (paired sam-
ple Student’s t test, p # 0.001; n 5 6 neurons;
mean decay time after stimulation 15.98 ms 6
1.3 SEM; mean decay time after stimulation
plus FK506 29.25 ms 6 1.8 SEM).
(E) Stimulation of neurons held in current
clamp failed to shorten sNMDARCs when
CaN was inhibited by infusion of the CaN in-
hibitory peptide during stimulation (paired
sample Student’s t test, p 5 0.48; n 5 5 neurons; mean decay time before stimulation 29.40 ms 6 2.8 SEM; mean decay time after stimulation
with the peptide 29.20 6 3.9 SEM). Numbers in parentheses represent decay times of the average sNMDARCs shown. All averages are
normalized to 1. Averages were recorded in ACSF identical to that in Figure 3, designed to isolate the NMDARC, but stimuli were delivered
in normal ACSF containing Mg21 and lacking GYKI 52466 and BMI.
voltage clamp was applied to maintain their membrane in 0 mM Mg21 ACSF. These spontaneous NMDARCs
potentials at 260 mV throughout the stimulation period provide a sensitive measure of whole-cell NMDARC de-
so that the Mg21 blockade of the NMDAR channel could cay. The currents are short compared to the spontane-
not be relieved. A second set of neurons was maintained ous currents reported by most other investigators, prob-
throughout the same procedure in whole-cell current ably because we are holding the relatively small sSC
clamp, which permitted NMDAR function. All neurons neurons at 260 mV. Several earlier studies using hippo-
were checked periodically during stimulation to assure campal (Konnerth et al., 1990) and cerebellar granule
that they were reliably driven by the activated inputs. cells (D’Angelo et al., 1994) have reported a pronounced
The neurons clamped at 260mV did not show the de- voltage-dependent decrease in current decay time of
crease in sNMDARC decay time (Figure 8B, middle NMDARCs with increasingly negative membrane poten-
traces, paired sample Student’s t test, p 5 0.21), while tials. A similar voltage sensitivity of NMDARC decay
the neurons held in current clamp showed the pro- kinetics has been noted in developing rat sSC neurons
nounced shortening of the current (Figure 8B, bottom (Hestrin, 1992). However, contrary to the changes in
traces, paired sample Student’s t test, p , 0.0001). NMDARC kinetics reported here, the voltage-dependent
These observations suggest that NMDAR current itself kinetics reported by Hestrin (1992) do not change with
triggers the change in CaN activity that brings about the the age of the neurons.
decrease in current decay time. Focusing predominantly on these spontaneous
NMDARCs, we have described a rapid-onset CaN activ-
ity that is responsible for a nearly 50% decrease in decayDiscussion
time of NMDAR synaptic current. This effect of CaN is
seen in evoked as well as spontaneous events, and itWe have developed a technique for pharmacologically
occurs at all synapses of all recorded sSC neuronsisolating spontaneous NMDAR currents in neurons of
the sSC by applying low levels of GYKI 52466 and BMI within a 24 hr period between P10 and P11. The decay
CaN Modulation of Developmental NMDAR Current
111
Figure 8. Induction of Fast sNMDARC Kinet-
ics on P10 Requires Prolonged Stimulation
and NMDAR Activity
(A) Stimulation induces decreases in
sNMDARC decay time without altering
sNMDARC amplitude. Data points represent
averages and SEMs of the average sNMDARC
amplitude (top graph) and decay time (bottom
graph) for each neuron, for all the neurons
studied at each time interval. Amplitudes of
average sNMDARs do not change with stimu-
lation. The decrease in decay time after 1–2
hr of stimulation in normal ACSF was signifi-
cantly different from the decay of P10 neu-
rons in the same slices before stimulation (as-
terisk, ANOVA, Tukey post hoc test, p 5
0.002). No consistent decrease in decay time
was observed as the stimulation interval was
prolonged from 1 to 2 hr. Average sNMDARC
decay times measured in neurons recorded
2–4 hr after termination of stimulation were
not significantly different from those mea-
sured within 2 hr after ending stimulation.
Numbers indicate the neurons studied in
each interval.
(B) Reduction of average sNMDARC decay
time with stimulation requires active NMDARs.
Top traces: One hour of stimulation of a P10
neuron maintained in current clamp in the
presence of 50 mM AP5 failed to induce fast sNMDARC kinetics. However, the overall level of activity in the sSC is also reduced by NMDAR
blockade. Middle traces: P10 neurons maintained at 260 mV by voltage clamping during stimulation for at least 1 hr failed to show any change
in average sNMDARC kinetics (paired sample Student’s t test, p 5 0.21; n 5 4 neurons; mean decay time before stimulation 30.25 ms 6 8.2
SEM; mean decay time after stimulation 29.05 ms 6 7.4 SEM). Bottom traces: P10 neurons held in current clamp during stimulation for at
least 1 hr showed shortened average sNMDARCs (paired sample Student’s t test, p , 0.0001, n 5 7 neurons; mean decay time before
stimulation 31.52 ms 6 2.0 SEM; mean decay time after stimulation 16.27 ms 6 1.3 SEM). All averages are normalized to 1. Numbers in
parentheses represent decay times of the average sNMDARCs shown. Stimulating and recording conditions were the same as in Figure 7.
time drop precedes eye opening (P13–P14) and is coinci- NR2A. Nevertheless, the current data do indicate that
the parameter responsible for the pronounced P10–P11dent with the completion of retinal map refinement. In-
clusion of the CaN inhibitory peptide in the patch pipette increase in the kinetics of NMDARCs within sSC neurons
is a change in CaN activity and not the availability ofindicates that the site of the CaN effect on synaptic
current is postsynaptic. Moreover, the effect is main- NR2A subunits.
tained during long periods of relatively low activity.
Spontaneous NMDARCs with short decay times are sta-
ble throughout the period of slice incubation and whole- Changes In Vivo that Could Initiate NMDAR
Current Downregulationcell recording. These fast kinetics can be abolished by
application of FK506, but can be reinstated after FK506 The rapid and synchronous onset of CaN effects on
sNMDARCs in all sSC neurons on P11 and our abilitywashout. The mechanism of CaN function is unclear
at present. The amplitudes of NMDAR currents do not to induce this activity a day earlier by stimulating in
vitro suggest that a global change in collicular activitychange in the P10–P11 interval, and ifenprodil applica-
tion subsequent to FK506 incubation does not reinstate beginning between P10 and P11 normally initiates
NMDAR current downregulation. An increase in the ef-the rapid current decay times seen before CaN inactiva-
tion. Such observations suggest that the phosphatase fectiveness of sSC neuron activation by their predomi-
nant inputs from the retina is a prime candidate as thedoes not operate by eliminating slow decay currents
contributed by receptors containing only NR1NR2B sub- stimulus for this change. However, the locus of the rele-
vant afferent activity change has yet to be determined.units.
We have also shown that 1 hr of electrical stimulation Large increases in NMDAR activation at sSC synapses
could result from the nearly simultaneous refinementof the stratum opticum in P10 collicular slices can induce
the stable CaN-mediated downregulation in sSC neu- of the retinocollicular map (Simon and O’Leary, 1992).
Alternatively, the changes in retinal input effectivenessrons prematurely. In addition, NMDAR activation during
stimulation is necessary for the induction of the CaN- could reflect increased retinal ganglion cell activity as
a result of developmental changes in retinal circuitry.mediated downregulation of NMDARCs, and the in-
duced CaN activity has the same stable characteristic An increase in bipolar cell contributions to inner nuclear
layer activity has been reported to occur in ferret retinaof the activity that appears normally on P11. We cannot
eliminate the possibility that CaN exerts its effect on at roughly equivalent developmental stages (Wong et
al., 2000), and light has been reported to drive rat sSCNMDARC decay by driving a rapidly reversible exchange
of receptors containing NR2B for receptors containing neurons beginning about this time (Fortin et al., 1999).
Neuron
112
CaN-Induced Downregulation of NMDARs during A final significant property of the developmental
Development Is Distinct from NMDAR change in CaN activity reported here is that it is not
Desensitization at Mature Synapses associated with changes in total CaN protein levels. The
Previous investigators have localized CaN near syn- only event necessary to initiate phosphatase activity
apses (Halpain et al., 1998) and shown that it is active may therefore be the activation exerted by the NMDAR
near the cytoplasmic face of the NMDAR channel where itself. Nevertheless, CaN is an elaborately regulated en-
it could provide a negative feedback mechanism modu- zyme. Thus, changes in the activity or the synaptic local-
lating NMDAR activity (Lieberman and Mody, 1994). This ization of AKAP proteins (Kashishian et al., 1998), FKBP
feedback, a form of glycine-insensitive desensitization, or cyclophorin family members (Liu, 1993), DARPP-32
operates on the millisecond-to-second time scale and (Snyder et al., 1998), CHP (Lin et al., 1999), or Cabin 1
is eliminated completely within 8 s of initiation in cultured (Sun et al., 1998) may be mediating an additional level
hippocampal neurons (Tong et al., 1995). By contrast, of control. Alternatively, or in addition, a prolonged de-
the developmental activation of the CaN-mediated pression of kinase activity could contribute to both the
NMDARC downregulation is remarkably stable. It was onset and stability of the CaN effect in sSC NMDARCs
maintained for as long as we have been able to record (Antoni et al., 1998). The prolonged CaN activation at
from sSC neurons, and it is capable of reinstatement sSC synapses may also also arise from a fundamentally
without further stimulation following washout of CaN different mechanism, such as protection of the phos-
blockade with FK506. The ability to induce rapid phatase’s Fe-Zn active center from oxidation by super-
NMDARCs mediated by CaN and with similar stability oxide dismutase (Wang et al., 1996). Regardless of the
a day early with relatively low frequency stimulation indi- precise mechanism through which the prolongation of
cates that the CaN system is poised to respond to activ- synaptic CaN activity is exerted, these developmental
ity before it is actually triggered in vivo. All of these data suggest an interaction that may be retained in the
characteristics imply that the CaN-mediated change in mature brain. Prolonged activation of synaptic CaN
NMDARC fall time described in this developing system could protect neurons from excitotoxicity in the face
is distinctly different from the rapid desensitization of of seizure, ischemia, trauma, or disease-induced tonic
NMDARCs effected by CaN activity in more mature neu- increases in NMDAR activity. Thus, interventions that
rons (Tong et al., 1995). amplify or maintain this response may prove useful in
It is also likely that this developmental regulation of the the clinical treatment of a variety of neurological dys-
NMDAR serves functions that are qualitatively different functions.
from desensitization in more mature brain. For example,
the CaN effect on NMDARCs described here is large.
ConclusionDuring the synaptogenic period from P6–P21, (Figure
In summary, mechanisms distinct from those mediating1D), NMDARC decay time decreases by z18 ms. We
the previously described glycine-insensitive desensiti-have shown that close to half of this decrease is caused
zation of NMDARs are likely to be involved in the pro-by the sudden appearance of CaN activity at P11. By
nounced developmental regulation and maintenance ofthe end of the following week, the slower incorporation
CaN effects on NMDARCs that we describe here. Theof the NR2A subunit into sSC synaptic NMDARs could
synchrony and stereotypy of onset and the maintainedbe responsible for the additional shortening of the
change in NMDAR kinetics in sSC neurons are clearlyNMDARC decay time. Rat eyes open on P13–P14, and
different from previously described effects of CaN onthe sudden increase in visual activity resulting from pat-
the NMDAR. This inducible, rapid, and prolonged devel-tern visual could readily damage collicular neurons if
opmental function may offer an opportunity to askthe mechanism of CaN-dependent NMDARC downregu-
whether the CaN effect is mediated by a direct dephos-lation did not exist. In addition, the rapid downregulation
phorylation of the endogenous receptor. The alternative,of NMDARC decay time on P11 probably reduces much
that CaN is acting indirectly on some other protein thatof the amplification of synaptic function caused by
then regulates the receptor, cannot, at present, be dis-NMDAR activity (Daw et al., 1993). This loss of amplifica-
missed. Most significantly, our data provide strongtion may account for the sustained decreases in sponta-
evidence that activity-driven posttranslational modifica-neous spiking activity reported in the sSC after P10 by
tions can play a major long-duration role in the downreg-other investigators (Itaya et al., 1995), and it may also
ulation of NMDAR function. Our findings also suggestserve to abruptly limit ongoing synaptic plasticity in the
that understanding the control of CaN and it effects onsSC. In short, this developmental function of CaN ap-
pears to be an exceptionally rapid and potent homeo- NMDAR activity could provide important and unex-
static mechanism that uses an increase in Ca21 through pected insights into the mechanisms of developing and
the NMDAR channel to tonically decrease the potency mature brain plasticity and neurological disease.
of the NMDAR posttranslationally. This could maintain
a nontoxic level of intracellular free Ca21 in the face of Experimental Procedures
a sudden increase in the activity arriving at collicular
Western Blottingneurons. It is likely that in the visual system the increase
Synaptoneurosomes were prepared from P9 to P12 Sprague-Daw-in CaN activity results from the first powerful activation
ley rats according to previously published methods (Hollingsworthof the central visual pathway by light. It is also possible
et al., 1985; Scheetz et al., 2000). Briefly, sSCs were dissected and
that similar sudden increases in activity occur in other homogenized in 48C oxygenated buffer (118 mM NaCl, 4.7 mM KCl,
regions of the nervous system. This activity-dependent, 1.2 mM MgSO4, 2.5 mM CaCl2, 1.8 mM KH2PO4, 25 mM NaHCO3,
tonic, CaN-mediated control system may be broadly 5.25 mM sucrose, 0.16% Complete Protease Inhibitor [Boehringer-
Mannheim]). Samples were passed through a series of nylon filtersdistributed within the vertebrate CNS.
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and then through a 10 mm filter (Millipore). The remaining fraction changes in synaptic currents required at least 1 and up to 2 hr of
perfusion in ACSF to completely wash out.was spun at 1000 3 g for 15 min at 48C. The pellet was resuspended
in Laemli Buffer and stored at 2808C. Electrical stimuli were delivered through bipolar electrodes com-
posed of a pair of tungsten or platinum iridium microelectrodes withMembrane fractions from the sSC of P9–P12 Sprague-Dawley
rats were prepared according to previously published procedures a tip separation of z50 microns. Stimuli for the evoked currents
shown in Figure 2 consisted of 2 mAmp pulses of 0.5 ms duration(Shi et al., 1997; Tingley et al., 1997; Aamodt et al., 2000) with the
addition of a 36,000 3 g spin in 1% Triton X-100. Samples were run delivered z10 s apart for z1 min. To examine changes in NMDAR-
evoked current decay (Figure 4B), 30 mM GYKI 52466 and 4 mM BMIon one-dimensional 6% or 8% SDS–PAGE gels and transferred to
PVDF membranes for Western blotting. Blots were probed with the were added to the ACSF and stimuli (z6 mAmp pulses) were applied.
In some experiments, these evoked currents were studied in 0 mMPharmingen antibody to NR1 (54.1), Chemicon antibodies to NR2A,
NR2B, and calcineurin and reacted for chemiluminescence (Pierce). Mg21 at 260 mV. To ensure that there was no Na1 channel activity
under these conditions and to prevent seizures in the experimentsFilm exposures were selected to be in the linear range for all bands
being compared. Readings for Figure 1A were normalized to NR1 illustrated in Figure 4, cells were polarized to 140 mV in 3 mM Mg21.
For the induction of CaN activity in vitro, stimuli consisted of fourbands on the same film. Band density was quantified as described
previously using NIH Image and its gel-plotting macros (Shi et al., z4 mAmp pulses delivered at 10 ms intervals once each second for
up to 2 hr. Slices were maintained in ACSF during this stimulation.1997).
The efficacy of this prolonged, but lower level, stimulation was
checked by recording evoked responses in sSC neurons. In all ex-
Electrophysiology periments, the kinetics of sNMDARC decay at 260mV were moni-
Pups were anesthetized with ether and decapitated prior to dissec- tored in at least one neuron by perfusing the slice with 0 Mg21
tion of the midbrain using YACUC- and IACUC-approved proce- ACSF containing GYKI 52466 and BMI and recording a series of
dures. Recordings were from neurons of the stratum griseum super- sNMDARCs prior to the replacement of normal ACSF and the onset
ficiale or stratum opticum in 400 mm parasagital colliculus slices. of stimulation.
Slices were equilibrated in ACSF consisting of 117 mM NaCl, 3 mM
MgCl2, 4 mM KC1, 3 mM CaCl2, 1.2 mM NaHPO4, 26 mM NaHC03, Acknowledgments
and 16 mM glucose for at least 2 hr prior to the onset of recording.
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